Neisseria meningitidis isolates examined in this study elaborated one of two pilus types that were antigenically markedly different. Each pilus type reacted either with S M l , a monoclonal antibody that recognizes an epitope common to all gonococcal pili, or with a polyclonal antiserum raised against meningococcal pili that did not react with SM 1, but not both. Total genomic DNA from all N. meningitidis isolates analysed, irrespective of pilus type, contained at least one region with extensive homology to a gonococcal pilE probe. Different N . meningitidis strains possessed one of several configurations of genomic pilE-homologous segments. Chromosomal rearrangement of pilE-homologous sequences was associated with P+ to P-pilus phase transition in the strains examined. The arrangement ofpilE-homologous segments in total genomic DNA from N. meningitidis isolated from the blood and cerebro-spinal fluid of the same patient was apparently identical.
and apparently meningococcal pilus antigenic variation can occur during the course of natural infection (Tinsley & Heckels, 1986) . Pilin size variation is also exhibited by gonococci and is associated with changes in the immunological properties of pilin that account for gonococcal pilus antigenic variation (Duckworth et al., 1983; Nicolson et al., 1987a) .
Pilus antigenic variation in N . gonorrhoeae occurs as a result of reassortment of pilin gene sequences (Meyer et al., 1982 ; Segal et al., 1986) . The genome of N . gonorrhoeae harbours silent pilin gene information at many loci (Meyer et al., 1982; Nicolson et al., 1987a, b) ; five of the seven or more independent pilus loci of strain MS1 l,,, including its two pilus expression (pilE) loci, are localized within a chromosomal segment of about 45 kb Stern et al., 1984; Segal et al., 1986) . Pilin gene conversion in strain MSll,, probably involves recombination within this segment of the chromosome, between hitherto unexpressed DNA sequences and one (or two)pilE loci (Hagblom et al., 1985; Haas & Meyer, 1986) . Chromosomal rearrangement of a similar nature is also responsible for a phase variation in which gonococcal pilus expression is reversibly switched off Swanson et al., 1986) . A second mechansim, that may be responsible for either reversible or irreversible pilus phase variation, involves deletion of one (or two) pilE loci from the gonococcal genome (Segal et al., 1985) .
In this paper, physical and immunological properties of some N . gonorrhoeae and N . meningitidis pilins are compared, and an investigation of N . meningitidis pilin gene loci is initiated .
METHODS

Bacterial strains.
The strains of N . meningitidis used are listed in Table 1 . All were recent clinical isolates made from children at Alder Hey Children's Hospital, Liverpool, and had been subcultured at most twice. They were stored at -70 "C in glycerol broth [2.5% (w/v) nutrient broth (Lab M no. 2, London Analytical & Bacteriological Media) containing 25% (v/v) glycerol] until used. N . gonorrhoeae strain P9 has been described previously (Lambden et al., 1981) . Escherichia coli strain DHl [F-recAI hsdRI7 (rt-mk+) endAl gyrA96 thi-l supE44 A-] was used as a negative control in Western blotting.
Reagents, enzymes and isotopes. All reagents were supplied by BDH unless stated otherwise. Bovine serum albumin (BSA) and Tris were supplied by Sigma and Boehringer Mannheim respectively. Restriction endonucleases were obtained from Boehringer Mannheim. Reaction conditions for each enzyme were essentially as described by Maniatis et al. (1982) . [ I X -~~P I~A T P (3000 Ci mmol-' ; 11 1 TBq mmol-I) and 1251-labelled Staphylococcus aureus protein A ( > 30 mCi mg-I ; > 1 1.1 GBq mg-' ) were supplied by Amersham.
Media and culture Conditions. Fresh clinical meningococcal isolates were obtained by culture on heated (80 "C for 5-10 min) blood agar [containing 2.5% (w/v) nutrient broth (Lab M no. 2); 1.5% (w/v) nutrient agar (Lab M no. 2); and 7% (v/v) defibrinated horse blood (Tissue Culture Services)] at 37 "C in the presence of 5-7% (v/v) C 0 2 . Subsequent growth of N . meningitidis for DNA isolation was for 18 h at 37 "C in the presence of 5-7% (v/v) C 0 2 on
DNA isolation. N. meningitidis total DNA was isolated essentially by the method of Stern et al. (1984) , except that meningococcal lysates were subjected to phenol/chloroform extraction, followed by chloroform extraction prior to ultracentrifugation in caesium chloride gradients. The presence or absence of piliated (P+) cells in meningococcal lawns to be used for DNA isolation was assessed by negative-stain electron microscopy.
Pili. Crude pilus preparations were made from 30 lawns of N . meningitidis strain C I 14 grown on plates (1 50 mm diameter) of heated blood agar in COz (5-7%, v/v) enriched air at 37 "C. Pili were extracted and partially purified by the method of Olafson et al. (1985) . The presence of pili in preparations was confirmed by electron microscopy.
Polyclonal and monoclonal antibodies. Polyclonal anti-C114 pilus antiserum was prepared in a New Zealand White rabbit by intramuscular injection of a pilus preparation (200 pg protein) in Freund's incomplete adjuvant, followed 2 and 6 weeks later with intravenous injection of the pilus preparation (100 pg on each occasion) in Gibco phosphate-buffered saline A (pH 7-4). Blood was collected by venepuncture 7 d after the last injection. The production and properties of monoclonal antibody SM 1 have been described elsewhere . SM1 recognizes a conserved epitope on pili from all gonococcal strains tested to date.
Immunoblotting. Western blotting was done as described previously (Nicolson et al., 19874, using t Serotypes are according to Frasch (1979) ; NT, not typable.
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[0.02 M-Tris/HCl, pH 7.6; 0.87% (w/v) NaCl; 0.05% NaN,; 5 mg BSA ml-I] 1 in 2000 and 1 in 50 respectively. Analysis of bacterial suspensions by dot blotting was as previously described (Nicolson et al., 1987~) . Southern hybridizations. High-stringency Southern hybridizations were done as described previously, using the 1.1 kb fragment from the recombinant pBR322 pilin-encoding plasmid pLV260, containing the pilE gene of N . gonorrhoeae strain P9-2 (Nicolson et al., 1987a, b) unless stated otherwise.
R E S U L T S
Southern hybridization analysis of DNA from clinical isolates of N . meningitidis DNA from 14 clinical isolates of N . meningitidis was subjected to Southern blot analysis using a DNA probe corresponding to the pilE locus of N . gonorrhoeae strain P9-2 (Nicolson et al., 1987a) (Figs 1 and 2). In each case, and in a further five examples (data not shown), strong hybridization signals were obtained under conditions of high stringency, indicating extensive DNA homology. Isolates of the non-pathogenic species 'Neisseria pharyngis' and Neisseria sicca did not contain pilE-homologous sequences (data not shown). Plasmids have not been detected in the meningococcal isolates studied here. It is therefore concluded that the pilE-homologous sequences are located on the meningococcal chromosome.
Southern analysis of N . meningitidis DNA digested with ClaI and XbaI and probed with the P9-2 pilE gene revealed at least five different hybridization patterns, each with two or more strongly hybridizing fragments, representing a total of between 2.6 kb (C114) and approximately 24 kb (for example, C311) of each genome (Figs 1 and 2). Digestion of total DNA from five more meningococcal strains with ClaI and XbaI resulted in a further four unique Southern hybridization patterns (data not shown). Similar analysis of meningococcal isolates, but using a probe containing silent pi1 DNA sequences derived from a portion of the P9-2 genome upstream of its pilE locus (Nicolson et al., 1 9 8 7~) produced hybridization patterns indistinguishable from those obtained using the pilE probe (data not shown). Cleavage of N . meningitidis total DNA with ClaI and XbaI produced one Southern hybridization pattern, exemplified by that of strain C311, that is apparently shared by at least five other N . meningitidis isolates (Figs 1 and 2) .
Total DNA was extracted from N . meningitidis strains isolated from both blood and CSF of each of five patients during the course of meningococcal infection. Southern analysis of total genomic DNA using the P9-2 pilE probe revealed that meningococcal isolates from the blood and CSF of the same patient possessed apparently identical hybridization patterns (Fig. 2) . Where N . meningitidis isolates were from the same patient, their genomic DNA fingerprinting profiles were identical (data not shown), indicating that they are closely related (Kristiansen et al., 1984) . Fig. 1 . Southern hybridization analysis of total DNA from four N. meningitidis isolates using a 1.1 kb DNA fragment containing the cloned pifE locus of N. gonorrhoeae strain P9-2 as probe. Lanes: 1 and 2, pifE-homologous DNA size markers of 6.64 and 1.95 kb respectively; 3, strain C1 1 1 DNA digested with CfaI; 4, strain C l l l DNA digested with CfaI+XbaI; 5, strain C114 DNA digested with CfaI; 6, strain C114 DNA digested with CfaI+XbaI; 7, phage SPPl DNA digested with EcoRI; 8, strain C115 DNA digested with CfaI; 9, strain C115 DNA digested with CfaI +XbaI; 10, strain C151 DNA digested with ClaI; 11, strain C151 DNA digested with CfaI+XbaI. Bracketed numbers refer to DNA from the same isolate. Sizes of DNA markers are in kb.
Comparison of Southern analyses of DNA isolates from strains C311 and C312, and their respective Pderivatives, and subsequently digested with ClaI and XbaI, revealed a chromosomal rearrangement involving pilE-homologous DNA sequences, including two strongly hybridizing fragments of 2.65 and 2.9 kb (Fig. 3) . Two types of rearrangement were evident. P+ to Pphase variation of strain C311 was accompanied by deletion of both strongly hybridizing pilE-homologous fragments, whereas loss of piliation in C3 12 involved replacement of analogous fragments by a single fragment of intermediate size. No pilus phase variation was detected by electron microscopy during 40 serial, daily subcultures in vitro of meningococcal isolates C318 and C319. This is consistent with a previous observation that the P+ phenotype can be stably maintained by some strains of N . meningitidis (Trust et al., 1983) . Furthermore, DNA from subcultures of strains C3 18 and C3 19 produced hybridization patterns identical to those exhibited by their progenitors (data not shown).
Immunological analysis of meningococcal pilin proteins Total protein from 15 N . meningitidis isolates was subjected to Western blotting analysis using monoclonal antibody SM1 (Fig. 4 ). Twelve isolates cross-reacted with SMl and all labelled polypeptides were in the size range 17-5-21.1 kDa (Fig. 4) . The sizes of these proteins are in good agreement with those described previously for meningococcal pilin molecules Diaz et a]., 1984; Olafson et al., 1985; Tinsley & Heckels, 1986) .
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141 3 Fig. 2 . Southern hybridization analysis of total DNA from 10 N. meningitidis isolates using the pilE probe as described for Fig. 1 . Bracketed numbers refer to DNA from meningococcal strains isolated from either the CSF or blood of the same patient (Table 1) . All meningococcal DNA preparations were digested to completion with CIuI and XbaI. Lanes: 1, pilE-homologous DNA size markers; 2, strain C311 DNA; 3, strain C312 DNA; 4, strain C318 DNA; 5, strain C319 DNA; 6, phage SPPl DNA digested with EcoRI; 7, strain C321 D N A ; 8, strain C322 DNA; 9, strain C341 DNA; 10, strain C342 DNA; 1 1 , strain C359 DNA; 12, strain C360 DNA.
Where derived from the same patient, the size of SM1-reactive pilin(s) from each isolate was apparently identical. This presumably reflects shared parentage of paired isolates. At least two meningococcal strains, paired isolates C341 and C342, appeared to express two size classes of pilin each (Fig. 4 ). The size difference between the two pilin species of C341 (and of C342) is 1.2 kDa, accounting for a difference in length of approximately 12 amino acids. Similar intrastrain pilin size differences have been revealed by immunoblotting of N . gonorrhoeae strain P9-2 (I. J. Nicolson, unpublished observations) . Three N . meningitidis isolates, C 1 14, C3 18 and C3 19, failed to react with monoclonal antibody SM1 when total protein was subjected to Western blotting (Fig. 4) . Furthermore, C114, C318 and C319 did not react with SM1 on analysis by dot blotting (data not shown). To investigate further the nature of pilins elaborated by the SM 1-nonreactive strains, rabbit antiserum was raised against purified pili from N . meningitidis strain C114 and was used in Western blot analysis of total protein from meningococcal isolates (Fig. 5) . A subset of proteins from strains C114, C318 and C319 reacted strongly with anti-0114 pilus polyclonal antibody (Fig. 5 ). Western analysis of the C114 pilus preparation used to generate polyclonal rabbit antiserum revealed several bands (Fig. 6) , indicating the presence of meningococcal components other than pili in the pilus preparation. Such impurities would probably have given rise to rabbit anti-C114 antibodies, not directed against C114 pili, that would recognize non-pilin epitopes on Western blotting. However, apart from a polypeptide of approximately 17-1 kDa, Western blotting analysis revealed that the smallest protein to react with anti-Cll4 pilus polyclonal antibody in total C114 protein ( Fig. 5) and also in the C114 pilus preparation (Fig. 6) had an apparent molecular mass of approximately 26-30 kDa (Fig. 5 ). Since bacterial pilins are with CluI and XbuI. Lanes: 1,pilE-homologous DNA size markers; 2, strain C311 (P+) DNA; 3, strain C311 (P-) DNA; 4, strain C312 (P+) DNA; strain C312 (P-) DNA. The approximate position of two strongly hybridizing DNA fragments involved in rearrangement (see text) is indicated by an arrow. Fig. 4 . Western blot analysis of total protein from each of 17 meningococcal strains using monoclonal antibodySM1. Lanes: 1, strain C111 ; 2, strain C114; 3, strain C115; 4, strain C l 5 l ; 5 , strain C311 (P+); 6, strain C311 (P-); 7, strain C312 (P+); 8, strain C312 (P-); 9, strain C318; 10, strain C319; 11, strain C321; 12, strain C322; 13, strain C341; 14, strain C342; 15, strain C359; 16, strain C360; 17, strain C361; 18, total protein from E. coli DHl. Fig. 5 . Western blot analysis of total protein from each of 17 meningococcal strains using polyclonal antibody raised against whole pili from N . meningitidis strain C114. Lanes: 1, strain C1 11 ; 2, strain C114; 3, total protein from E. coli DH1; 4, strain C115; 5, strain C151; 6, strain C311 (P+); 7, strain C311 (P-);8, strainC312(P+);9, strainC312(P-); 10,strainC318; 11,strainC319; 12,strainC321; 13, strain C322; 14, strain C341; 15, strain C342; 16, strain C359; 17, strain C360; 18, strain C361. Fig. 6 . Western blot analysis of purified pilus preparation from N . meningitidis strain C114. The polyclonal antibody was as used in Fig. 5 . Lanes: 1-4, purified pili prepared from N . meningitidis strain C114; 5, strain C114; 6, I4C-labelled protein standards; 7, total protein from E. coli DHl. The arrow indicates the position of pilin.
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commonly in the size range 12-22 kDa (for example Sastry et al., 1983; Every, 1979) , it is likely that N. meningitidis strain C114 produces pilin(s) of approximately 17.1 kDa and that the pilins for strains C3 18 and C3 19 are each of approximately 15.7 kDa (Fig.  5) . Total protein from SM 1-reactive meningococcal isolates reacted no more strongly with anti-C114 pilus polyclonal antibody than did the negative controls (total protein from Pmeningococci and E. coli) (Fig. 5) . This confirms that N. meningitidis can express at least two distinct pilus types that are markedly dissimilar immunologically. Furthermore, it is unlikely that both antigenic pilus types were simultaneously expressed in source populations of meningococci, since each N. meningitidis isolate, with the exception of strain C361, reacted with SMl monoclonal, or anti-C114 pilus polyclonal antibodies, but not both. Strain C361 contained, in addition to an SM1-reactive protein, a polypeptide of approximately 26 kDa that reacted with the anti-Cll4 pilus polyclonal antibody preparation (Fig. 5 ). Variation in components of approximately 26 kDa between strains of N. meningitidis has been observed previously (Poolman et al., 1980) .
DISCUSSION
It has been shown previously that some N. meningitidis isolates express pili that are immunologically related to those of N. gonorrhoeae Olafson et al., 1985) . The pili of many meningococcal isolates possess an epitope, present in all piliated gonococci so far tested, that is recognized by the monoclonal antibody SM1 . This study shows that meningococcal pili that do not react with SMl have few, if any, epitopes in common with SM 1-reactive meningococcal pili. All strains expressing SM 1-nonreactive pili that we have tested in this study belong to serogroup C (Table 1) . It is not yet clear whether there is a correlation between capsular serogroup and pilus type, although SM 1-nonreactive pili have previously been isolated from N. meningitidis strains of serogroups A, B and C (Diaz et al., 1984) .
The genomes of all SM1-nonreactive isolates of N. meningitidis analysed possess at least one region that is homologous to the pilE gene of N . gonorrhoeae strain P9. Such pilE-homologous sequences do not, therefore, encode an SM1-reactive epitope in the pili expressed by N. meningitidis strains C114, C318, or C319. Furthermore, it is unlikely that the homologies reflect the presence of expressed sequences analogous to any immunogenic region of the pilE locus in pLV260, since anti-C 1 14 pilus polyclonal antiserum fails to react significantly with total protein from the gonococcal antigenic pilus variant P9-2 on Western blotting (unpublished observations). The N-terminal region of gonococcal pilin is immunorecessive (Schoolnik et al., 1984) and the first 30 or so amino acids are strongly conserved in the N-terminal regions of pilins from gonococci and several other Gram-negative bacteria, including meningococci (Hermondson et al., 1978; Olafson et al., 1985) , Pseudomonas aeruginosa (Sastry et al., 1983) , Bacteroides nodosus (McKern et al., 1983) and Moraxella nonliquefaciens (Froholm et al., 1977) . It is possible that SM 1-nonreactive and SM1-reactive pilins share extensive homology between their Nterminal (conserved) regions but that the former lacks the SM 1-reactive epitope which we have recently localized to the region between amino acid positions 48 and 53 on the mature gonococcal pilin sequence (Nicolson et al., 19876) .
The N-terminal conserved region of gonococcal pilin is encoded by a DNA tract of approximately 0.15 kb . Digestion of DNA from strains C318 and C319 with restriction endonucleases ClaI and XbaI produced three fragments (each >0-45 kb) that are homologous to the P9-2 pilE gene (about 0.5 kb ; Nicolson et al., 1987~) . Thus, if each pilEhomologous DNA fragment harbours coding information for the N-terminal portion of its respective pilin gene alone, at least two such non-contiguous sections would have to exist.
It is possible that gonococcal pilE-homologous sequences are not expressed in SMlnonreactive strains. Such putatively silent loci may potentiate pilus antigenic variation, possibly by a mechanism of intragenic recombination similar to that exhibited by N. gonorrhoeae (Hagblom et al., 1985) . The pilus structural subunit of SMl-nonreactive strains may therefore be encoded by a separate, non-homologous pilE gene or genes. Detailed analysis of pi1 loci in SM 1nonreactive meningococci will show whether this is so. In addition, it remains to be seen whether switching of the immunological type of pilus between SM 1-reactive and nonreactive can occur.
Pilus phase variation in N. gonorrhoeae strain MS1 I, , can involve deletion of one, or both, pilE loci (Segal et al., 1985) . Where both pilE loci are deleted, pilus phase transition is irreversible, although the loss of a single pilE locus can be restored by duplication of the remaining intact pilin gene resulting in a Pto P+ switch (Segal et al., 1985) . The SM1-reactive IP: 54.70.40.11
On: Sat, 22 Dec 2018 13:59:47 N . meningitidis pilins and pilin genes 1417 N . meningitidis strains C3 1 1 and C3 12 exhibit distinct chromosomal rearrangements, also involving deletion of pilE-homologous sequences which are in each case associated with pilus phase variation. It is possible that strains C311 and C312 also each have two (or more) pilus expression loci, analogous to pilE2 and pilE2 of N . gonorrhoeae strain MSl I, , (Meyer et al., 1982) , that are involved in pilus phase variation. Furthermore, the extent of deletion of pilEhomologous sequences in P-derivatives of C3 1 1 and C312 may determine whether or not the P+ phenotype can be restored in each case. P-pilus variants of N . meningitidis strains C311 and C312 are deficient in the production of immunoreactive pilin, although P+ to P-phase transition events do not necessarily result in loss of pilin expression (Stephens et af., 1984) . Similar phenomena occur in gonococci (Segal et al., 1985; Swanson et al., 1986) and pilus phase and antigenic variation in N . gonorrhoeae and N . rneningitidis may therefore occur by related mechanisms. Pilus antigenic variation in N . gonorrhoeae involves reassortment of silent pilin gene sequences (Hagblom et al., 1985; Haas & Meyer, 1986) and can occur during the course of natural infection (Duckworth et al., 1983; Zak et al., 1984) . A comparison of paired N . meningitidis isolates from the blood and CSF, or CSF and naso-pharyngeal tract, of the same patient indicated that pilus antigenic variation can occur during the course of natural meningococcal infection (Tinsley & Heckels, 1986) . This was shown by demonstrating differences in the apparent molecular masses of pilins in three out of four paired isolates studied (Tinsley & Heckels, 1986 ). In the present study we were unable to demonstrate that pilus phase or antigenic variation occurred when a separate series of N . meningitidis isolates from the blood and CSF of the same patient were compared. The exhibition of pilus antigenic variation during the course of infection by some strains of N . meningitidis but not others may therefore be a function of the clonal pedigree concerned.
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